is based on aspatially second ordertotal variation _sh-terms in Eq. (1) madadditionalstate and constitutive equaing (TVD) scheme and a temporally second order, implicit, tions needed for system closure are given by Yungster [4] . variable-step, backward differentiation formula (BDF) method. The inversion of large matrices is avoided by partiNumericalMethod tioning the system into reacting and nonreacting parts; a fully coupled interacfionis, nonetheless,maintaimd.
The numerical method used for solving Eq. (1) is describedin detail in Ref. [14] . Here we present only a brief 0 In the present paper we use thiscode to study the temposummary of the algorithm. For simplicity, only the tworal evolution of the shock-induced combustion process in a dimensional Euler equations are considered in this deseripram accelerator. In particular, we investigate the transition tion, although extension to viscous flows is straightforward from the launch tube into the ram accelerator section con-
[14].The equation set is diseretized using a temporally seemining an explosive hydrogen-oxygen-argongas mixture, ond order, variable-step,BDFmethod. The difference equaThe hydrogen-oxygen chemistry is modeled with a 9-spetions are solved step by step; that is, approximate solutions eies, 19-reactionmechanism [14] . n n {Q),k} are generated at the discrete time points t Two simplifying assumptions are made in this work, (n = 1, 2.... ). Thus, starting with the known initial condiwkieh represents a preliminary numerical study of flow ¢t establishment in a ram accelerator.First, the bursting of the tions {Q_,k }J att = to the numerical method advances the diaphragm occurs instantaneously and ideally, at the moment solution at each grid point in time, until the desired end state of projectile arrival. Second, in order to avoid computations involving extremely large pressure gradients betw_n the is reached. At each integration step, the time step Atn is evacuated launch tube and the first ram accelerator section, a selected automatically,by using the procedure described by buffer section containing an inert gas is introduced between Yungsterand Radhakdshnan [14] . the two segments, as shown in Fig. 2 .
Assuming that approximate solutions have been proNumerical Formulation duced at the times tn -J (j = 0, 1.... ), the formula for Governing Equations n + 1 advancing the solution to the current time t (i.e., for
The conservation form of the nonequilibrium Naviersolving the governing equations over the time interval
Stokes equations describing two-dimeusional or axisymmet-[tn,_+ 1] ) can be written as: rie chemically reacting flow involving n species can be written in general curvilinear coordinates (6, rl) as follows:
where,for thecurrent step, where the parameterj is zero for two-dimensional flow and one for axisymmetricflow, andvariables:
Q is the vectorof dependent
is theineremental solutionveetor, T and _ are the variable-Q step BDF method coefficients [14] and Atn (= tn + 1 _ in) The dependent variables are the mass density of the ith is the time step. The terms _" and G are the numerical species Pi' the velocity components u and v, and the total fluxes in the _ and rI directions. They are computed using energy per unit volume e. J is the grid Jacobian, and F and Yee's second order TVD scheme [15] .
G are the inviscid flux vectors in the _ and 11directions, Equation (3) (not shown here) were also in very good qualitative agreethat for the commonly used point implicit methods. The reament with our calculations.
• son is that the matrices arising in the two approaches are of the same size. Another importantadvantage of ourmethod is Ramacceleratorreactingflow establishment that it remains stable for large values of the CFL number, thereby enablingthe use of largetime steps.
Two projectileconfigurationsare presented. In the first case the projectiletail was truncated to resembleclosely the Results projectilesused in the Universityof Washingtonexperiments
The goal of this work was to study numedcany reacting [1] [2] [3] . In the second case, the tail ended ata sharppoint, and flow establishment during projectile entranceinto the ram the projectile shape was modifiedwith the aim of maximizacceleratorsection. However, before attemptingto solve this ing thrust.Both cases modeled the transition from a pure problem,the accuracyof the method was assessed by solvoxygen buffer section at _ = 1 atm, ir = 300 K into a ram ing various time-dependentflows for which experimental accelerator section containing an explosive mixture of data orresults of previous numericalsimulationswere availhydrogen, oxygen and argon at the same pressure and ternable.Two such "benchmark" cases, involving both reacting perature.The flow was assumed to be laminarin the first andnonreacting flows, are presented below, case and turbulentin the second. The numerical simulations were carriedout for approximately 100 gsec, during which Benchmarktest cases the projectile would have Increased its velocity by approximately 20 m/s, assuming a typical acceleration of 20,000 g.
The first case was a simulation of Lehr's [16] ballistic
Since this velocity increaserepresents less than 1%of the range experiments, which consisted of spherical nosed proprojectile's speed, its accelerationwas ignored in the present jectiles of diameter 15-ram being firedinto a premixed, stocalculations. Also, Bmckner et al [2] demonstrated that the ichiometric hydrogen-air mixture. Figure 3a shows the acceleration terms in the governing equations can be shadowgraphimage obtainedby Lehr [16] for a Muchhumneglected for accelerationsless than approximately20,000 g. bet _/ = 4.79. The corresponding computational result obtained with a 220x220 uniform grid and a 9-species, 19-_CaseI step reaction mechanismfor the hydrogen-oxygenchemistry This case considered the ram accelerator configuration [14] is shown in Fig. 3b in the form of density contours.
shown in Fig. 5a . The explosive gas mixture in the ram Under the conditions of the test, the reacting flow was unstable, resulting in a highly regular, periodic flow structure.An accelerator section was H2+ 3_502+ 1-5Ar. The projectile's experimental frequency of oscillation of 720 kHz was speed was 2136-5m/s, which corresponded to a Mach humreported [16] . The computed frequency varied from 701 to ber of 6_5in the buffer section and 6.065 in the ram accelera-716 kHz. Computationsfor other flow conditionsalso exhibtor section. The flow was assumed to be laminar, and a Redexcellent agreement with experimental data [14] .
constantwall temperature of 300 K was specified at the projectile surface. A two-block 210xl10, 80x159 nonuniform The second test case, taken from the work of Youngand grid was utilized. Yee [17], simulated shock wave diffraction from a 400 wedge in air, as shown in Fig. 4a . The top of the wedge was
The time evolution of the flowfield is shown in Fig. 6 in rounded, with a radius of curvature of 0.17 times the base the form of nondimensional temperature T/Too contours. width. Figure 4 presents the temporal evolution of the air flow during the nonreacting diffraction process for an inci- Fig. 6a shows the projectile just before entering the ram dent shock Mach number of 2.0. A 313x140 uniform grid accelerator section. The reflected shock wave from the tube was used, and inviscid flow was assumed, after Young and creates a small separation of the boundary layer, which Yee [17] . Figure 4b shows density contours during the forgrows slowly with time. At t = 44.58 gsec (Fig. 6b) ignimation of the triple point, with the Mach stem and a contact tion occurs in the projectile boundary layer. Combustion discontinuity emanating from it. As the shock wave moves spreads both downstream and towards the ram accelerator over the rounded top, the Mach stem evolves into a curved tube (Fig. 6c) . A shock-induced combustion wave is estabshock (Figs.4c and 4d) , which travelsslightly fasterthan the lished and thenreflectedfromthe tube wall, as shownin Figs 6d and 6e. The shock-inducedcombustion wave produces a with a maximumCFLnumberofbetween4 and I0. large pressure over the back of the projectile,and a positive thrust begins to be generated at t = 69.4 lxsec (Fig. 7) . At
The net thrust on the projectileis plotted in Fig. 9 . The t = 68.65 lisec the reflected conical shock created by the initial development of the thrust force is similar to that for the previous ease. That is, the drag decreases progressively small ramp ignites the mixture, creating a new shockas the projectile entersthe ram accelerator section, where the induced combustion wave (Fig. 6f) . This wave magnifies the separationin the projectile's boundary layer, and combustion speed of sound is higher (and the Mach number therefore , spreads upstream through the boundary layer as shown in lower). There is then a suddenjump to positive thrust when the reflected shock-induced combustion wave reaches the Figs. 6 g-i. This simulation required 3300 iterations and 11. 2 projectile surface. The thrust shows a short increase prior to hrs. of CPU lime on a Cray C90 computer, with a maximum CFL number of between 3 and 11.
unstart. Figures 10 and 11 show the pressure distribution on the The net thrust on the projectile is plotted in Fig. 7 . Durprojectile at various limes for the two eases previously ing the transition into the ram accelerator section the drag described. The results for Case 1 are separated into surface decreases, because the Math number of the flowahead of the pressure distribution (Fig. 10a) and projectile base pressure projectile abruptly drops from 6_5to 6.065. Therefore, as the projectile penetrates into the ram accelerator section the distribution (Fig. 10b) . At t = 49.92 _tsec the surface pressure is similar to that observed just before diaphragm burstwave drag decreases progressively. Positive thrust is produced after the first shock-induced eombustionwave hits the ing (t = 3.27 _tsec), except that the pressure level at the projectile. A new peak is formed after the second shocknose is smaller due to the transition to a lower Math number induced combustion wave is established, flow. At t = 76.64 _tsec and t = 91.78 lisee the high pressure established over the back of the projectile, due to Case 2 the shock-induced combustion wave, can be clearly seen.
The pressure plots at these times show four peaks. The two This ease considered the ram accelerator configuration small peaks are both caused by boundary layer separation. shown in Fig. 5b . The 30°ramp was shortened, andthe pro-
The firstof the larger twopeaksis produced by the ramp and jectile's shape modified with the aim of improving perforthe second by the shock-induced combustion wave. The mance. The explosive gas mixture in the ram accelerator pressure distribution on the projectile base is presented in section was H2 + 3.750 2 + 0.25Ar. The projectile's veloc- Fig. 10b .The base pressureincreasessignificantly duringthe transient phase and then decreases to a level somewhat ity was 2136.5 m/s, corresponding to a Mach number of 6.5 higher than that prior to combustion. in the buffer section and5.863 in the ram accelerator section.
The flow was assumed to be turbulent, and a constant wall
The pressure distribution for the second ease is given in temperature of 300 K was specified at the projectile surface. give the distribution after ignition,but before positive thrust is being produced. At t = 70.51 lisec positive thrust is
The time evolution of the flowfield is shown in Fig.8 in being created, andthe high pressureover the back of the prothe form of nondimensional temperature T/T** contours, jectile is evident in the figure. After unstart Fig. 8a shows the projectile at amomentjustbefore bursting (t = 89.24 _tsec) a large pressure is established over the the diaphragm. The initial flow development is similar to ramp, resulting in a small, but negative, total thrust at this that described for the previous case. That is, ignition begins time. in the projectile's boundary layer (Fig 8b) , and a shockinduced combustion wave is established (Fig. 8c ). This wave Conclusions is then reflected from the ram accelerator tube (Fig. 8d) , and A numerical investigation of the temporal evolution of when it reaches the projectile surface (Fig Be) a large pressure is established over the back of the projectile, producing the reacting flowfield established during projectile transition from the launch tube into the ram accelerator section was positive thrust at t = 58.9 gsec (Fig. 9) . In this ease the presented. A methodology for simulating the reacting flow reflected shock created by the ramp is not strong enough to establishment was described,and computations for two conignite the mixture. In Fig. 8g combustion is seen to propafigurations were presented to illustrate the capability of the gate upstream through the boundary layer. The combustion numerical approach. The efficiency of our time-accurate, occurring inside the small separation bubble forces it to fully implicit method was demonstrated by computing highexpand. The boundary layer combustioncontinues to propaspeed, reacting, turbulent flows at CFL numbers as high as gate upstream (Fig. 8h) , ultimately resulting in unstart of the 10. ram accelerator (Fig. 8i) . This simulation required 3400 iterations and 7.8 hrs. of CPU time on a Cray C90 computer, In this study, ignition was always obtained in the bound-1993. ary layer, even when the projectile surface was cooled and its temperature maintained at 300 K. The combustion in the 10. Figure 1 . Schematic of the University of Washington'sram accelerator facility [1] [2] [3] . 
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